All relevant data are within the paper and its Supporting Information files. Additionally, transcriptomics data are available from Gene Expression Omnibus (accession number GSE63962). Proteomics data are available from ProteomicsDB (ID: PRDB004215).

Introduction {#sec006}
============

Epidemiological studies provide compelling evidence that pollution by airborne particulate matter (PM) derived from fossil fuel combustion is an important cause of morbidity and premature death \[[@pone.0126536.ref001], [@pone.0126536.ref002]\]. Chronic PM exposure can induce short-term (e.g., cardiovascular diseases or asthma) and long-term health effects, most notably cancer. Diesel automobile emissions were recently classified as human carcinogens by the International Agency for Research on Cancer \[[@pone.0126536.ref003]\].

Diesel ship emissions substantially contribute to worldwide anthropogenic PM levels, which account for up to 50% of the PM-related air pollution in certain coastal areas, rivers and ports \[[@pone.0126536.ref004]--[@pone.0126536.ref007]\]. Epidemiological studies attribute up to 60,000 annual deaths from lung and cardiovascular disease \[[@pone.0126536.ref008]\] to ship engine PM. A variety of new regulations will soon be implemented to ensure cleaner ship emissions \[[@pone.0126536.ref009]--[@pone.0126536.ref011]\]. Low-grade heavy fuel oils (HFOs) contain high levels of sulphur, toxic polycyclic aromatic hydrocarbons (PAHs) and transition metals. Current regulations target HFO use by limiting their sulphur content. In this context, the maximum sulphur content in shipping fuel is internationally regulated by the International Maritime Organisation (IMO) at 3.5%; in most European and US coastal areas, the maximum allowed sulphur content is 1% (Sulphur Emission Control Areas, SECA) \[[@pone.0126536.ref012], [@pone.0126536.ref013]\]. Furthermore, in 2015, a 0.1% sulphur fuel limit will be implemented in the Baltic and North Sea SECAs \[[@pone.0126536.ref014]\]. To comply with these new sulphur limits, highly refined distillate fuels are necessary (diesel fuel, DF, or marine gas oil, MGO). Currently, MGO is the most used distillate fuel for marine shipping and contains up to 1% sulphur. In 2011, 170 million tons of HFO and 43 million tons of MGO and DF were consumed by ship diesel engines worldwide \[[@pone.0126536.ref015], [@pone.0126536.ref016]\]. This volume corresponds to approximately 21% of global fuel consumption \[[@pone.0126536.ref017]\].

The biological and health effects of land-based diesel engine emissions have been extensively studied using submersed cell cultures subjected to collected diesel exhaust particles \[[@pone.0126536.ref018], [@pone.0126536.ref019]\]. This submersed cell culture approach neglects the effect of airborne particle exposure, which can result in low sensitivity in measuring biological effects \[[@pone.0126536.ref020]\]. An alternative is the air-liquid interface (ALI) cell exposure technology. Current systems are technically mature enough to enable reproducible, direct, on-site exposure of lung cell culture to emission aerosols under realistic dilution, flow and humidity conditions \[[@pone.0126536.ref021]\]. Multiple ALI-exposure studies using car diesel engines \[[@pone.0126536.ref022]--[@pone.0126536.ref025]\] highlight the improved sensitivity of ALI systems compared with submerged toxicological test systems that use collected diesel exhaust particles (DEP) \[[@pone.0126536.ref020]\].

Up to now three main causes for PM-induced health effects have been identified: genotoxicity, inflammation and oxidative stress; other mechanisms have also been described \[[@pone.0126536.ref019]\]. Thus far, all information on diesel PM has been inferred from research on car emissions. However, diesel emissions from ships differ greatly from car or truck diesel emissions due to the fuel composition (HFO) and combustion characteristics of ship engines \[[@pone.0126536.ref026]\]. Thus, the practice currently used to estimate the health impacts of ship diesel emissions based on analogous car or truck emissions \[[@pone.0126536.ref008], [@pone.0126536.ref012], [@pone.0126536.ref027]\] is problematic. The high levels of toxic compounds \[[@pone.0126536.ref006], [@pone.0126536.ref028]\] suggest that HFO emissions produce more detrimental acute and chronic toxic effects than car or truck diesel emissions.

This study targets the biological effects of airborne PM from both diesel and HFO ship emissions based on their chemical compositions. The joint analysis of the biological multi-omics data with the comprehensive aerosol analysis results provides an extensive overview of affected biological mechanisms and pathways and further identifies potentially harmful fractions of the shipping aerosols.

Results and Discussion {#sec007}
======================

Experimental setup {#sec008}
------------------

The experimental setup is illustrated in [Fig 1](#pone.0126536.g001){ref-type="fig"} (details in [S1](#pone.0126536.s001){ref-type="supplementary-material"} and [S2](#pone.0126536.s002){ref-type="supplementary-material"} Figs and in [S1 Text](#pone.0126536.s013){ref-type="supplementary-material"}). Briefly, we operated a four-stroke, one-cylinder common rail research ship diesel engine (80 kW) using either HFO (HFO 180) containing 1.6% sulphur or DF containing less than 0.001% sulphur and 3.2% plant oil methyl ester in compliance with the 2014 IMO-SECA-legislation (DIN EN590, see [S1 Fig](#pone.0126536.s001){ref-type="supplementary-material"} for the engine and fuel properties), which represents the common dual-fuel use in commercial shipping \[[@pone.0126536.ref010], [@pone.0126536.ref029]\]. The engine was operated according to the test cycle ISO 8178--4 E2 for ship diesel engines with a balance between harbour-manoeuvring and cruising engine-loads ([Fig 2](#pone.0126536.g002){ref-type="fig"}). The combustion aerosol was cooled and diluted with sterile air. Chemical and physical properties of the HFO and DF aerosol were comprehensively characterised using state-of-the-art, on-line and real-time techniques as well as off-line filter sample analyses. Results are summarised in [Fig 2](#pone.0126536.g002){ref-type="fig"} (for details, see SI). In parallel with aerosol characterisation, confluent layers of two human epithelial lung cell lines (the human lung alveolar cancer cell line A549, purchased from the American Type Culture Collection, ATCC CCL-185; <http://www.lgcstandards-atcc.org/Products/All/CCL-185.aspx>, and human SV40-immortalised bronchial epithelial cells BEAS-2B, purchased from ATCC, CRL-9609; <http://www.lgcstandards-atcc.org/Products/All/CRL-9609.aspx>)) \[[@pone.0126536.ref030]\] were exposed to the diluted engine exhaust for 4 h at the ALI ([Fig 1](#pone.0126536.g001){ref-type="fig"}). Epithelial lung cells have direct contact to inhaled aerosol particles and gases and were therefore used as a model of aerosol inhalation. The cell lines A549 and BEAS-2B have been widely used for testing particles and gases at the air-liquid-interface \[[@pone.0126536.ref031]--[@pone.0126536.ref036]\]. The BEAS-2B cells are considered to better resemble the situation in human lung tissue while requirements for the cultivation of the cancer derived cell line A549 are better suited for labeling with the L-D~4~-Lysine isotope maker for the quantitative proteomics. The transcriptomics methodology is not based on metabolic labelling and thus well suited for the analysis of BEAS-2B cells. The quantitative comparative proteomics approach requires the labelling of the cells with D4-Lysine. However the BEAS-2B cells require specialized media and coating of the plates, which is currently incompatible with the metabolic labelling. Therefore simultaneuos SILAC-based proteomic and metabolic analysis was performed with the established A549 cell model. In summary the cells were analysed using transcriptome (BEAS-B), SILAC-proteome (A549), metabolome and metabolic flux measurements (A549) as well as cytotoxicity tests (A549). The omics data are stored in Gene Expression Omnibus (GSE63962) and Proteomics DB (PRDB004215), respectively. All experiments were performed in triplicate (3 independent exposures) and referenced to filtered aerosol (for normalising the effects induced by the gas phase) because particles and particle-related chemicals play an important role in the health relevance of diesel exhaust \[[@pone.0126536.ref037]\] and are therefor in the focus of this study.

![Experimental set-up and global omics analyses.\
(A) An 80 KW common-rail-ship diesel engine was operated with heavy fuel oil (HFO) or refined diesel fuel (DF). The exhaust aerosols were diluted and cooled with clean air. On-line real-time mass spectrometry, particle-sizing, sensor IR-spectrometry and other techniques were used to characterise the chemical composition and physical properties of the particles and gas phase. Filter sampling of the particulate matter (PM) was performed to further characterise the PM composition. Lung cells were synchronously exposed at the air-liquid-interface (ALI) to aerosol or particle-filtered aerosol as a reference. The cellular responses were characterised in triplicate at the transcriptome (BEAS-2B), proteome and metabolome (A549) levels with stable isotope labelling (SILAC and ^13^C~6~-glucose). (B) Heatmap showing the global regulation of the transcriptome, proteome and metabolome.](pone.0126536.g001){#pone.0126536.g001}

![Chemical and physical aerosol characterisation.\
(A) The ship diesel engine was operated for 4 h in accordance with the IMO-test cycle. (B) Approximately 28 ng/cm^2^ and 56 ng/cm^2^ were delivered to the cells from DF and HFO, respectively, with different size distributions. The HFO predominantly contained particles \<50 nm, and the DF predominantly contained particles \>200 nm, both in mass and number. (C) Number of chemical species in the EA particles. (D) Transmission electron microscope (TEM) images and energy-dispersive X-ray (EDX) spectra of DF-EA and HFO-EA; heavy elements (black speckles, arrow); and contributions of the elements V, P, Fe and Ni in the HFO particles using EDX (\* = grid-material). (E) Exemplary EA concentrations (right) and concentration ratios (left) for particulate matter-bound species. For all experiments, n = 3.](pone.0126536.g002){#pone.0126536.g002}

The first phase of the experiment was used to find the optimal dose for the large-scale analysis. Cells in the setup were exposed to different concentrations of aerosols. The reaction of the cells was monitored using the Alamar Blue viability test. Due to the higher particle concentration in HFO-exhaust (see below) a dilution of 1:100 was required to achieve a non-impaired cell status while for DF-exhaust a lower dilution of 1:40 was possible without any viability impairment (i.e., a no acute toxicity exhaust dilution; [S3A Fig](#pone.0126536.s003){ref-type="supplementary-material"}). By applying the different dilution ratios of 1:40 (DF) and 1:100 (HFO) for the exhaust gases for no acute toxicity at 4 h exposure, a similar deposition dose (deposited particle mass per confluent cell culture surface area, see below) was achieved. Based on a gravimetric filter analysis of PM 2.5 and assuming a size-independent, constant deposition probability of 1,5% after Comouth et al. \[[@pone.0126536.ref038]\], the accumulated particle mass deposited on the lung cell monolayer surface area was roughly estimated as 28 ± 1.5 (DF) and 56 ± 0.7 ng/cm^2^ (HFO) per 4 h exposure duration (see [S3C Fig](#pone.0126536.s003){ref-type="supplementary-material"}) with the variance of the mass measurement expressed by the standard deviation of the filter samples. A more elaborated model taking into account the particle size distribution from an electric low pressure impactor (ELPI) and a size dependent deposition probability after Comouth et al. \[[@pone.0126536.ref038]\], which was determined using previous measurements from ALI exposure systems, predicts 15.7 (DF) and 41.5 ng/cm^2^ (HFO) per 4 h exposure. Even for improved deposition approximation model, the estimated uncertainties, however, are rather high (about a factor of 2). Therefore the deposition dose in both cases can be considered being approximately equal for DF and HFO. We decided to perform the exposure for omics measurements at these dilutions, in order to compare the specific molecular biological effect strength at an about equal deposition dose. Note that in the following all aerosol parameters are reported considering the specific emission-aerosol dilution factors (i.e. the exposure aerosol, EA, as delivered to the cells).

Chemical and physical analysis {#sec009}
------------------------------

Consistent with previous studies \[[@pone.0126536.ref029]\], only small concentration differences of gaseous compounds were found in the emissions of the ship engine using the two fuels. An exception was SO~2~ (4 mg/m^3^), which was below toxicity threshold after dilution in the HFO-EA. In addition, the EA concentrations of the further potentially toxic gases NO, NO~2~ and CO were below 16.3, 0.4 and 7 ppm, respectively. These values are below the reported toxicity thresholds for the air-liquid interface \[[@pone.0126536.ref039], [@pone.0126536.ref040]\] and even below the general NIOHS lifetime workplace 8-hr exposure limit values of 25, 1 and 35 ppm, respectively \[[@pone.0126536.ref041]\].

The concentration of particles with an aerodynamic diameter larger than 200 nm was higher for the DF-EA (particle number and mass concentration), whereas nanoparticles smaller than 50 nm were approximately 100-fold more abundant for the HFO-EA (see the size distributions in [Fig 2](#pone.0126536.g002){ref-type="fig"}). However, note that the mass contribution of these nanoparticles is very small. TEM images of the particles show that the smaller HFO particles ([Fig 2](#pone.0126536.g002){ref-type="fig"}) contained high levels of amorphous organic material around carbonaceous fractal cores with metal inclusions. The DF-EA particle analysis reveals a different picture ([Fig 2](#pone.0126536.g002){ref-type="fig"}), in which the particles appear larger and are mostly composed of pure carbonaceous aggregates with spherical soot cores (Ø \~ 20--30 nm). A layered graphite-like carbon structure became visible at a higher TEM magnification ([S3 Fig](#pone.0126536.s003){ref-type="supplementary-material"}). Based on the size-dependent deposition function described by Comouth *et al*. \[[@pone.0126536.ref038]\] ([S3 Fig](#pone.0126536.s003){ref-type="supplementary-material"}) and the low specific density of the observed fractal soot aggregates in DF-EA ([Fig 2](#pone.0126536.g002){ref-type="fig"}), the deposited mass for the DF-EA cell exposure experiments is slightly lower than the above estimates. The particles deposited from the HFO-EA were of a higher dose in mass and number compared to the DF-EA exposure.

Energy-dispersive X-ray spectroscopy (EDX, [Fig 2](#pone.0126536.g002){ref-type="fig"}) on TEM showed large differences between HFO-EA and DF-EA particles with regard to the abundance of heavy elements. High intensities of elements such as vanadium, nickel, sulphur and iron were detected in the HFO particles, whereas the DF particles primarily contained carbon and oxygen in the EDX spectrum. [Fig 2](#pone.0126536.g002){ref-type="fig"} shows an overview of the differences in the inorganic and organic chemical composition ([Fig 2](#pone.0126536.g002){ref-type="fig"}) as well as the absolute concentrations of the respective substances in the DF- and HFO-exposure aerosol particles ([Fig 2](#pone.0126536.g002){ref-type="fig"} and [S4 Fig](#pone.0126536.s004){ref-type="supplementary-material"}). Almost all of the measured components, except elemental carbon and black carbon, were more abundant in HFO-EA compared with DF-EA, despite a 2.5-fold higher dilution for HFO-EA.

On-line aerosol mass spectrometry and off-line analyses showed considerably higher mass concentrations of particle-bound organic material and much more complex organic material in the HFO-EA ([S1 Table](#pone.0126536.s011){ref-type="supplementary-material"}). High-resolution mass spectrometry (ESI-FTICR-MS) revealed 3631 different polar organic compounds in the HFO particles compared with only 321 in the DF particles ([Fig 2](#pone.0126536.g002){ref-type="fig"}); 244 compounds were common to both fuel types. The quantification of aromatic and aliphatic compounds ([S4 Fig](#pone.0126536.s004){ref-type="supplementary-material"}) revealed that higher molecular weight components were more abundant in the HFO particles (green text in [Fig 2](#pone.0126536.g002){ref-type="fig"}), such as the higher molecular weight carcinogenic PAH benzo\[a\]pyrene ([Fig 2](#pone.0126536.g002){ref-type="fig"} and [S4 Fig](#pone.0126536.s004){ref-type="supplementary-material"}). The sum of PAH toxicity equivalency factors ([Fig 2](#pone.0126536.g002){ref-type="fig"}), which ranks different toxic PAHs weighted by their concentration and relative toxicity, was more than 10-fold higher in HFO-PM compared with DF-PM ([Fig 2](#pone.0126536.g002){ref-type="fig"}). The only component over-represented in the DF-PM was the elemental carbon fraction (EC) and the corresponding optically measured "black carbon" factor (BC; [Fig 2](#pone.0126536.g002){ref-type="fig"}).

Summarising the chemical and physical characterisations, particles emitted from ship engines differ in concentration, size distribution, morphological appearance and chemical composition depending on whether DF or HFO is used. The DF particles in the inhalable size region were dominated by elemental carbon-rich soot-aggregate particles \[[@pone.0126536.ref029]\], whereas the HFO particles were smaller (nanoparticles) and rich in organic material, including known organic air toxicants (PAHs and their derivatives) and reactive transition metals such as V, Ni, Fe and Zn ([S4 Fig](#pone.0126536.s004){ref-type="supplementary-material"}). However, it shall be noted that also DF-PM contains organic compounds in relatively high concentrations. The HFO-PM just contains much higher concentrations ([Fig 2](#pone.0126536.g002){ref-type="fig"}).

Exposure and deposition dose {#sec010}
----------------------------

We exposed human lung cells for 4 h to concentrations which are corresponding to occupational exposure scenarios or 10 times the concentration of an ambient high concentration scenario (EA \~ 390 μg DF PM2.5/m^2^ and \~760 μg HFO PM2.5/m^2^). This concentration corresponds to an ALI mass deposition dose of about 28 and 56 ng PM/cm^2^ for DF and HFO respectively.

These doses can be related to the human respiratory tract using the specific deposition efficiency for different lung regions. From the measured size distribution and an estimated effective particle density based on the mass-mobility-relation for aggregated diesel particles (between 1.1 and about 0.1 g cm^-3^, derived from \[[@pone.0126536.ref042], [@pone.0126536.ref043]\]), a deposition simulation was performed using a recently updated model \[[@pone.0126536.ref044], [@pone.0126536.ref045]\] for the tracheobronchial lung region. A 4 h exposure of a human being to the EA concentrations used in our experiments would result to a tracheobronchial deposition of about 1.5 and 5 ng PM/cm^2^ for DF and HFO, respectively. Thus the deposited mass in an ALI experiment corresponds to about 3 days (DF) or 2 days (HFO) exposure time for an exposed person (note that for an equal dilution of 1:100 in both EAs the actual deposited tracheobronchial dose for DF would correspond to a 7.5 days exposure of a person). However, one should keep in mind that the size distribution may change quickly in the ambient atmosphere and in the airways, e.g. by coagulation or water condensation, causing additional uncertainty thereby. The similarity between the size dependent deposition curve \[[@pone.0126536.ref038]\] for the ALI-system and for the lung deposition curve \[[@pone.0126536.ref044]\] suggests a good transferability of the results, in particular for the tracheobronchial region. In conclusion, the deposited mass concentration of at an equal dilution of DF PM mass would be about ¼ of the deposited HFO PM. This however, only holds true for directly emitted aerosols. In the atmosphere the more polar, sulphate containing HFO emission particle will quickly grow considerably by water condensation, while the hydrophobic DF particles size distribution will remain stable for longer time \[[@pone.0126536.ref046], [@pone.0126536.ref047]\]. Therefore, emission size distributions might, to some extent, equalise soon.

Biological analysis {#sec011}
-------------------

To relate the extensive chemical and physical characterisation of the exhaust aerosols to biological effects, the HFO and DF emission particles were directly deposited on human lung cells using ALI exposure technology. Transcriptome, proteome, metabolome and metabolic flux analyses were performed, which yielded parallel and relative quantification of 42205 different transcripts, 6192 proteins and 400 metabolic molecules. To reduce variability, the proteins and metabolites were extracted from the same cell material (A549) that was previously metabolically labelled using D~4~-lysine (SILAC proteomics) and ^13^C~6~-glucose (metabolic flux analysis). Ribonucleic acid (RNA) was isolated from BEAS-2B cells exposed through the same ALI exposure system and was used for the transcriptome analyses \[[@pone.0126536.ref020]\].

The transcriptome, proteome and metabolome analyses revealed widespread changes in the cellular system upon exposure to both HFO and DF aerosol particles. Surprisingly, more gene expression levels were regulated in the DF-particle-exposed cells (i.e., the response was more widespread compared with the HFO-particle-treated cells on all "omic"-levels; p\<0.001, Figs [1](#pone.0126536.g001){ref-type="fig"} and [3](#pone.0126536.g003){ref-type="fig"} and [S5 Fig](#pone.0126536.s005){ref-type="supplementary-material"}). The most significantly regulated genes, proteins and metabolites also differed between the DF and HFO ([S6 Fig](#pone.0126536.s006){ref-type="supplementary-material"}), which shows that the response to emissions of each type of fuel differed quantitatively and qualitatively in both human lung cell lines. A higher regulation alone only proofs a stronger biological reaction onto the deposited PM at the given exposure conditions (i.e. 4 h exposure at a deposition dose below measurable cytotoxicity) and does not necessarily indicate a higher toxicity or risk of disease.

![Effects of shipping particles on lung cells.\
The net effects from the particles were referenced against the gaseous phase of the emissions. (A) Number of the regulated components in the transcriptome shows more genes regulated by the DF than the HFO particles (in BEAS-2B cells). Similar results were observed for the proteome (B) and metabolome (C) (in A549 cells). (D) Meta-analyses for the transcriptome and proteome using the combined Gene Ontology (GO) term analysis of the 10% most regulated transcripts and proteins. Individual GO terms are listed in [S2 Table](#pone.0126536.s012){ref-type="supplementary-material"}; the hierarchical pathways are indicated on the right. (E) Gene regulation of Wiki-pathway bioactivation; (F) gene regulation of Wiki-pathway inflammation; g, secreted metabolites; and h, metabolic flux measurements using ^13^C-labelled glucose. For all experiments, n = 3.](pone.0126536.g003){#pone.0126536.g003}

Further conclusions can be drawn from a specific biological pathway analysis. Pro-inflammatory signaling, chemical response (such as xenobiotic metabolism) and oxidative stress pathways were indicated by the regulated genes ([Fig 3](#pone.0126536.g003){ref-type="fig"} and [S6 Fig](#pone.0126536.s006){ref-type="supplementary-material"})\[[@pone.0126536.ref019]\]. The HFO particles specifically induced the transcription of primary and secondary inflammation markers (IL-8, IL-6 and IL-1), and both fuel types affected the cytokines CSF3, CXCL1, and CXCL2. Considering xenobiotic metabolism, CYP1A1 (PAH metabolism) was induced by exposure to HFO particles (which corresponds to the higher PAH concentrations in HFO PM), whereas the DF particles affected other cytochromes (CYP3A4 and CYP17A1) and the carbosulphotransferase CHST6 ([Fig 3](#pone.0126536.g003){ref-type="fig"}).

In addition to these, in the context of aerosol exposure well-known pathways \[[@pone.0126536.ref019], [@pone.0126536.ref048]\], we searched for other cellular responses undergoing modulation. A meta-analysis combining the proteome and transcriptome data was performed to examine the significant enrichment of gene ontology (GO) terms. The results indicate that the HFO and DF particle effects were distinct ([Fig 3](#pone.0126536.g003){ref-type="fig"} and, in more detail, [S7 Fig](#pone.0126536.s007){ref-type="supplementary-material"}). Particles from both fuels induced effects on cell motility, the cellular stress response, the response to organic chemicals, proliferation and cell death ([Fig 3](#pone.0126536.g003){ref-type="fig"} and [S7 Fig](#pone.0126536.s007){ref-type="supplementary-material"}). Genes and proteins associated with vesicle transport pathways were enriched, which might be connected to the endocytosis of diesel particulate matter.

The pathways specifically regulated by DF particle exposure included the general translation pathway ([Fig 3](#pone.0126536.g003){ref-type="fig"}, [S7 Fig](#pone.0126536.s007){ref-type="supplementary-material"} and [S2 Table](#pone.0126536.s012){ref-type="supplementary-material"}). The translational elongation, RNA-processing and ribosome translation pathways were down-regulated, whereas the pathways that affect chromatin organisation and modification were up-regulated. The down-regulated pathways included histone acetylation, which may result in DF particle-induced epigenetic changes. Other pathways modulated by DF particles were involved in processes such as cell junction organisation and cell adhesion. Pathways such as the energy metabolism, cell junction and cell adhesion were clearly affected in both cell lines when assessed using transcriptomics and proteomics but differed in the direction of regulation ([Table 1](#pone.0126536.t001){ref-type="table"}, [S2 Table](#pone.0126536.s012){ref-type="supplementary-material"} and [Fig 3](#pone.0126536.g003){ref-type="fig"}), which indicates a time-delayed reaction in the cell. Exposure to DF particles induced mitochondria-associated genes and proteins, which indicates that mitochondrial stress was induced, whereas the HFO particles did not yield this response.

10.1371/journal.pone.0126536.t001

###### Summary of the main HFO- and DF-particle exposure effects.

![](pone.0126536.t001){#pone.0126536.t001g}

  Effect                       HFO                               DF
  ---------------------------- --------------------------------- ------------------------------------------
  Pro-inflammatory signaling   ↑                                 \-
  Oxidative stress             ↑                                 \-
  Cell homeostasis             ↑                                 \-
  Response to chemicals        ↑                                 ↓↑
  Cellular stress response     ↑                                 ↑
  Motility                     ↑                                 ↑
  Endocytosis                  ↑                                 ↑
  Cellular signalling          MAPK, TGF beta, PDGF, EGF, GPCR   ID, kinase cascade
  Energy metabolism            \-                                ↓↑[^x^](#t001fn002){ref-type="table-fn"}
  Protein synthesis            \-                                ↓
  Protein degradation          \-                                ↑
  RNA metabolism               \-                                ↓
  Chromatin modifications      \-                                ↑
  Cell junction and adhesion   \-                                ↓↑[\*](#t001fn003){ref-type="table-fn"}

The arrows indicate the direction of regulation for cellular functions derived from the most statistically significant enriched Gene Ontology terms from the transcriptome, proteome, and metabolome (details in [S2 Table](#pone.0126536.s012){ref-type="supplementary-material"}).

^x^ BEAS-2B up, A549 down

\* BEAS-2B down, A549 up

Pathways specifically regulated by the HFO particles include the homeostasis, oxidative stress and inflammatory response pathways, whereas the metabolic and biosynthetic processes were slightly down-regulated ([Fig 3](#pone.0126536.g003){ref-type="fig"} and [S2 Table](#pone.0126536.s012){ref-type="supplementary-material"}).

Interestingly, the proteomics data reveal a direct induction of cell-cell interaction remodelling, whereas the transcriptomics data show a down-regulation of similar GO terms. This finding can be explained by assuming an immediate response of the proteome e.g. by stabilizing the already synthesized proteins, while the transcriptome shows the shut-down of the system in a time-delayed response. Although 40% of the observed protein regulation can be explained by the changes in mRNA abundance, most of the changes indicate other modes of regulation. Protein can be degraded in direct response to PM exposure, and translation or transcription may be too slow to change the protein concentrations after 4 h of exposure \[[@pone.0126536.ref049]\].

The metabolome analyses supported the finding that biosynthetic and protein synthesis processes were down-regulated in the DF particle-treated cells. ATP-binding cassette transporters, which are involved in actively transporting biomolecules across membranes, were also affected ([S2 Table](#pone.0126536.s012){ref-type="supplementary-material"}). Further information supporting the inhibition of biosynthetic activities includes the negatively affected metabolites secreted by the cells ([Fig 3](#pone.0126536.g003){ref-type="fig"}). The pathways affected by HFO particle exposure include glycolysis and pyrimidine metabolism. Glycolysis is a pathway that is typically altered during inflammation and is generally increased in cells under inflammatory conditions \[[@pone.0126536.ref050]\].

Glucose flux into lactic acid through glycolysis was significantly reduced (p\<0.05) in cells treated with DF particles ([Fig 3](#pone.0126536.g003){ref-type="fig"} and [S9 Fig](#pone.0126536.s009){ref-type="supplementary-material"}). Mammalian cells oxidise glucose and glutamine in the TCA cycle to produce NADH/H^+^, which is re-oxidised in the respiratory chain to produce ATP. DF exposure strongly decreases the levels of relative glucose oxidation in the TCA cycle compared with HFO, as reflected by the significantly lower levels of labelled citric acid (p\<0.001; ratio data: [Fig 3](#pone.0126536.g003){ref-type="fig"}). Simultaneously, we observed an increase in glucose-derived carbon flux into glycine ([Fig 3](#pone.0126536.g003){ref-type="fig"}); enhanced glycine metabolism has previously been associated with tumourigenesis in lung cancer \[[@pone.0126536.ref051]\]. These observations suggest a lower ATP production and, hence, lower available energy compared with HFO. Increased carbon flux into glycine is directly linked to the increased transformation of hydroxymethyl groups through one-carbon metabolism. The latter is essential for DNA synthesis and repair.

Conclusions {#sec012}
===========

We assessed human lung cell responses to ship exhaust particles. A unique combination of extensive chemical and physical aerosol characterization and multiple omics analysis was used to generate a broad overview on cellular mechanisms affected by shipping particles and to identify possibly harmful constituents of two types of ship exhaust aerosols. While not providing a classical toxicological risk assessment, which would require the testing of multiple doses and time-points, this study rather gives a comprehensive picture on the cellular responses to ship exhaust particles after short-term exposure, which should be used as starting point for more mechanistic studies. Although the HFO particles deposited in the ALI system were about equal in mass, higher in number and contained a large excess of toxic compounds, DF particle exposure induced a broader biological reaction in the human lung cells (BEAS-2B and A549) on all investigated \"omic\" levels. As discussed, a stronger affected cell metabolism is not an adverse effect *per se*, but it holds a higher risk of disturbance of normal cell functions. Within known pathways, such as pro-inflammatory signaling, oxidative stress and xenobiotic metabolism, the levels of certain well-known indicators (e.g., IL-1/6/8 and CYP1A1) surged following HFO particle exposure. In contrast, DF particles strongly affected basic cellular functions (energy and protein metabolism) and mechanisms little yet known to be affected by aerosol treatment, such as mRNA processing and chromatin modification.

The obtained results also suggest formulating specific hypotheses and are motivating further experiments to proof or disproof those. In this context the role of freshly formed "elemental carbon, EC" fractions and the influence of organic compounds on the biological activity should be investigated. The relatively large EC fraction in DF exhaust is one of the prominent differences between the two particle types. The chemical and physical surface properties of freshly formed EC fractions might be of relevance here. Laboratory experiments using e.g. combustion aerosol standard generator (CAST,\[[@pone.0126536.ref052]\]), which allows to generate fresh combustion particles with adjustable EC/OC ratios, are currently under preparation.

There is no doubt that the carcinogenic emissions from HFO-operated vessels need to be minimized and HFOs should be replaced by refined modern DF (at least if no flue gas cleaning systems are installed). HFO emissions contain among other constituents high concentrations of toxic metals (V, Ni etc.) and polycyclic aromatic hydrocarbons. However, also emission of diesel engines operated with refined DF, are known to be toxic and carcinogenic, although the toxicant concentrations are much lower \[[@pone.0126536.ref008]\] than in HFO emissions. Consequently the implementation of emission reduction measures for land-based diesel engines started decades ago (e.g. with sulfur-reduced fuels) \[[@pone.0126536.ref018]\] and current efforts are directed towards the reduction of particle emissions from diesel automobiles. Due to the substantial contribution of ship emissions to global pollution, ship emissions are the next logical target for improving air quality worldwide, particularly in coastal regions and harbour cities. In this context our findings on the biological effects of HFO and DF ship diesel emissions can contribute to the current debate about the reduction measures to be implemented for shipping. The results from this study provide the information that at comparable lung deposition doses the acute biological activity of particles of ship emissions from DF fuelled ships is not less relevant than the activity of HFO emission particles. This supports the suggestion that a general reduction of the PM emissions (not the SO~2~ emission) from shipping in harbours and the vicinity of the coast should be implemented for both, HFO- and DF-operated ships. Efficient particle filter technology (e.g., electrostatic precipitation or bag-filtration) is available. From a regulatory perspective, the next step should be the introduction of legal emissions limits for respirable PM (e.g. PM 2.5, in \[mg/m^3^\]) from ship emissions \[[@pone.0126536.ref029]\].
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###### Sampling setup.

\(A\) Simplified scheme of the sampling and measurement setup. DR = dilution ratio, TC = temperature control, T = temperature measurement, P = pressure meter. (B) Detailed setup of the used sampling train with porous tube and ejector diluter units. (C) Properties of the used diesel fuel (DF) and heavy fuel oil (HFO). Most noticeable are the high viscosity and high sulfur content of HFO compared with distillate fuels like EN 590 diesel. (D) Experimental engine parameters. The engine is a single cylinder engine with common rail injection system representing state of the art medium speed marine diesel engines. The dual fuel system allows operation with both distillate and residual fuels.

(EPS)

###### 

Click here for additional data file.

###### Air-Liquid-Interface (ALI) exposure.

HICE exposure system: the left part shows the data acquisition and control unit for the mass flow controllers, humidity and temperature. The exposure unit in the right part contains three Vitrocell modules and is thermostated to 37°C. Each module has six positions for cell exposure to either complete or filtered aerosol for gas phase referencing. The flow through each of the exposure positions is individually controlled by a mass flow controller (lower left) Cell exposure: the aerosol passes through the aerosol inlet and is streaming directly over the cell cultures.

(EPS)

###### 

Click here for additional data file.

###### Particle dosing and morphology.

\(A\) Cell viability at DF and HFO aerosol particle dose. A549 cells were exposed for 4h to 1:40 diluted DF or 1:100 diluted HFO. Directly after exposure, cell viability was measured by reduction of Alamar Blue and compared to cells exposed to the filtered aerosols. Reported are the means relative to filtered aerosol ± SD from 3 (HFO) or 2 (DF) independent experiments. As requested for the further 'omics study, the viability is not impaired by the DF or HFO particle exposure. (B) Size dependent deposited dose of DF and HFO particles (left ordinate) as well as deposition probability (W, right ordinate) calculated according to Comouth et al. (1) for a size dependent density profile. (C) Mass dose of DF and HFO particles deposited per cell area. Data are estimated from gravimetric filter samples (case 1, 2) and from electrical low pressure impactor (ELPI) size distributions (case 3, 4). Calculations are performed assuming a constant deposition probability of W = 1.5% for all particle diameters (case 1, 2). For comparison, calculations are performed additionally using the size dependent probability Wρ(D) based on Comouth et al. (*31*) and a particle density based on a mass-mobility relationship for DF and HFO (case 3, 4). In all cases the deposited PM dose is about a factor 2 higher for the HFO case. d-g, TEM images of diesel fuel exposure aerosol particles. The typical soot agglomerate structure (D,E) and the layered graphitic structure (F,G) is typical for rather pure, elemental carbon containing soot. (H-L), TEM images of heavy fuel oil exposure aerosol particles. The often much smaller particles consist of heavier elements (black speckles) and tarry substance (crusted appearance). The HFO-EA soot particles have a more amorphous structure than the diesel fuel soot (J).

(EPS)

###### 

Click here for additional data file.

###### Compounds in particulate matter.

\(A\) Exemplary sum-parameters and compound-class data for exposure aerosol (EA) particulate matter for HFO-EA and DF-EA. Particular abundance and statistic parameters' ratios (a), absolute concentrations (b) and statistic parameters on the sample complexity (c) reveal a substantial complexity of the organic-chemical composition of the particulate matter. ^1^EC/OC coupled to SPI, ^2^EC/OC coupled to REMPI, ^3^EC/OC-analysis (thermal-optical method), ^4^AMS, ^5^Filter weighing. ^6^Aethalometer, ^7^Comprehensive two-dimensional gas chromatography/Time-of-flight mass spectrometry, ^8^Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry with atmospheric chemical ionization, ^9^Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry with electrospray ionization, ^10^Thermal desorption/direct derivatization gas chromatography/Mass spectrometry, ^11^GC/MS. (B) Elemental analysis of the particulate matter. Exemplary concentrations-ratios (HFO-EA- over DF-EA-particles) of elements (left). Absolute concentrations of the species in the HFO-EA- (red bars) and DF-EA-particles (blue bars) are also shown (right). Method: ICP-AES. (C) Exemplary concentration-ratios (HFO-EA- over DF-EA-particles) of polycyclic aromatic hydrocarbons (PAH) (left). Absolute concentrations of the species in the HFO-EA- (red bars) and DF-EA-particles (blue bars) are also shown (right). The larger the PAH-structure, the stronger is the prevalence of the compound in the HFO-EA-particles. Methods: ^1^Thermal desorption/derivatization gas chromatography/Mass spectrometry, ^2^Gas chromatography/mass spectrometry, ^3^Liquid chromatography/Tandem mass spectrometry. (D) Exemplary concentration-ratios (HFO-EA- over DF-EA-particles) of aliphatic hydrocarbons (left). Absolute concentrations of the species in the HFO-EA- (red bars) and DF-EA-particles (blue bars) are also shown (right). The same behaviour as in the PAH compound class is observed: The larger the aliphatic-structure, the stronger is the prevalence of the compound in the HFO-EA-particles.

(EPS)
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Click here for additional data file.

###### DF regulates more transcripts, proteins and metabolites than HFO.

(A-C) Comparison of regulation magnitude and regulation significance (obtained with a two-tailed t-Student's t-test on the replicate measurements). Mean of log2 fold change aerosol/filtered is plotted vs. -log10 p-value of complete datasets of transcriptome in BEAS-2B cells (A), proteome (B) and metabolome (C) in A549 cells for DF and HFO. (D-F), Comparison of regulation magnitude and abundance of regulated transcripts, proteins or metabolites. Mean of log~2~ fold change aerosol/filtered is plotted vs. mean of log~10~ fold intensity of complete datasets of transcriptome (D), proteome (E) and metabolome (F) for DF and HFO.

(EPS)

###### 

Click here for additional data file.

###### Cellular responses to DF and HFO differ qualitatively.

(A-C) Distinct patterns of regulation of DF and HFO. Hierarchical clustering of highest regulated entities of each omic approach: transcriptomics (A) (BEAS-2B), proteomics (B) and metabolomics (C) (A549). (D,E) Pathways known to be affected by diesel particle exposure. Transcriptome pathway analysis was performed using 1.5-fold regulated genes. Typical PM-influenced pathways were selected and according gene regulation were clustered hierarchically. Apoptosis (D, pro- and anti-apoptotic genes), Oxidative stress (E).

(EPS)

###### 

Click here for additional data file.

###### Meta-analysis of gene ontology-terms in the proteomic and transcriptomic measurement of DF and HFO particle-treated samples.

Significantly regulated proteins in A549 cells were determined using 10% of lowest and 10% of highest log2 fold change in the ratio Aerosol/Gas and a cut-off of---log10(p-value) \>1 for 3 replicates. According to the high identification number, significantly regulated transcripts in BEAS-2B cells were determined using 5% of lowest and 5% of highest log2 fold change of Aerosol/Gas and a cut-off of---log10(p-value) \>1 for 3 replicates. GO term analysis was performed using David Tool. The p-values of GO-terms were z-transformed, hierarchically clustered, and plotted as a heat map.

(EPS)

###### 

Click here for additional data file.

###### DF- and HFO-particles disrupt lung epithelial integrity.

\(A\) Histopathology of HFO-/DF-particle treated NHBE cells. Light microscopy histological analysis of sections of the NHBE cultures treated with PBS (control), and (B) HFO, (C) DF and (D) CB120 at a dose 150 μg/cm^2^ for 24 h. Hematoxylin and eosin staining, scale bar = 50 μm. (E) TEM micrographs of HFO- and (F) DF-particle treated NHBE cells. Ribosome agglomeration in cells of the NHBE cultures after 24 h incubation at a dose 150 μg/cm^2^; n = 5. Scale bar = 2 μm.

(EPS)

###### 

Click here for additional data file.

###### Secreted metabolites and metabolomic flux analysis.

Metabolism of U-^13^C-Glucose through central carbon metabolism in A549 cells. Reduced model of central carbon metabolism, with labeled atom transition marked for selected metabolites. Red circles = ^13^C labeled carbon; Blue circles = ^13^C labeled carbon from Malic Enzyme activity; White circles = ^12^C unlabeled carbon. Selected Secreted Metabolite Ratios. Selected metabolites were measured through GC/MS analysis of cellular medium post exposure. Values shown are the ratios of unfiltered treatments to filtered treatments for each fuel type during three replicates. Metabolic flux measurements based on ^13^C-labeled glucose. Filtered and unfiltered aerosol samples were analyzed separately.

(EPS)
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Click here for additional data file.

###### Exemplary light microscopic image of a confluent A459 cell layer.

4x10^5^ A549 cells were seeded into a 24mm trans-well insert. After 24h and just before ALI-exposure, confluence was checked by light microscopy.

(TIF)
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Click here for additional data file.

###### Chemical Analytics of Ship Exhaust Particles.

(XLSX)

###### 

Click here for additional data file.

###### Biological Responses to Ship Exhaust Particles.

(XLSX)
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Click here for additional data file.

###### Materials and Methods.

(DOCX)

###### 

Click here for additional data file.
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